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1. Introduction
Microfluidic devices are miniaturized 
fluid handling systems, regulating small 
amount of fluids travelling through net-
works consisting of tiny channels with 
diameter typically ranging from tens to 
hundreds of micrometers.[1–7] Microfluidic 
systems require small volumes of rea-
gents and render fast response due to 
their increased surface area and short-
ened diffusion paths, so in a vision, they 
promise to offer cheaper and faster equip-
ment capable of most chemical and bio-
logical analysis while saving time and 
footprints.[8–15] However, before that, chal-
lenges more than simply scaling down 
conventional equipment are presented, 
and among those the efficient regulation 
of the motion of microfluidic flows is 
listed.
The fluid phenomena that dominate 
liquids in microscale channels are meas-
urably different from those that dominate 
at the macroscale.[16–18] As dimensions 
reduce to micrometric scale, the sur-
face-area-to-volume ratio of channel 
increases, so the relative impact of gravity 
force exerted is becoming inferior com-
pared to its dominance at the macroscale, 
and the interfacial forces and viscous 
forces are more dominant to the microflows.[19,20] For fluid 
transportation in a microchannel, the critical pressure required 
for fluid transportation is determined by the Laplace pressure 
(PL) of fluid, which depends on the interface tension of the 
fluid, advancing contact angles (θ) of fluid on the surrounding 
surfaces, and dimensions of the microchannel. The contact 
angles of fluid on the inner surfaces depend on the interfacial 
forces on the solid–liquid–gas three-phase lines. Hence, the 
alteration to the physicochemical properties of the inner sur-
faces of the microchannels will shift the original interactions 
between the surfaces and transport liquid, which will further 
influence the microscale flow behaviors.
Traditional methods based on solid surface designs for 
building functional microchannels to control microscale flow 
include the surface chemical modification of microchannel 
surfaces and the construction of micro-/nanostructures on 
the inner surface walls.[21–24] Solid-based surface treatments 
inside microchannels not only serve as designing approaches 
for realizing key functions of microfluidics, but also provide a 
platform for exploring more interesting interface phenomena 
Fluidic flow behaviors in microfluidics are dominated by the interfaces 
created between the fluids and the inner surface walls of microchan-
nels. Microchannel inner surface designs, including the surface chemical 
modification, and the construction of micro-/nanostructures, are good 
examples of manipulating those interfaces between liquids and surfaces 
through tuning the chemical and physical properties of the inner walls of 
the microchannel. Therefore, the microchannel inner surface design plays 
critical roles in regulating microflows to enhance the capabilities of micro-
fluidic systems for various applications. Most recently, the rapid progresses 
in micro-/nanofabrication technologies and fundamental materials have 
also made it possible to integrate increasingly complex chemical and 
physical surface modification strategies with the preparation of microchan-
nels in microfluidics. Besides, a wave of researches focusing on the ideas 
of using liquids as dynamic surface materials is identified, and the unique 
characteristics endowed with liquid–liquid interfaces have revealed that 
the interesting phenomena can extend the scope of interfacial interactions 
determining microflow behaviors. This review extensively discusses the 
microchannel inner surface designs for microflow control, especially evalu-
ates them from the perspectives of the interfaces resulting from the inner 
surface designs. In addition, prospective opportunities for the development 
of surface designs of microchannels, and their applications are provided 
with the potential to attract scientific interest in areas related to the rapid 
development and applications of various microchannel systems.
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in microfluidics, and thus, they have been attracting the atten-
tions of scientists from different backgrounds.[25–28] Lately, 
researchers have realized microscale flow control based on 
building liquid layer on the microchannel surfaces.[29,30] The 
functional liquid layers on the inner surfaces are stabilized 
by the van der Waals forces between the functional liquid and 
the surfaces. Using liquids as functional materials to control 
flow has offered a different route to design the inner surface 
of microchannels by transforming the basic scientific issues of 
solid–liquid interfaces to solid–liquid–liquid interfaces. Inter-
face phenomena and microscale flow control in microchan-
nels, such as liquid–liquid interfaces in two phase flow (droplet 
microfluidics),[31–34] solid–liquid interfaces for droplet motion 
on micro-/nanostructures (open microfluidics),[35] and fabri-
cation of microflow control units,[36,37] have been described in 
detail, and will not be considered in this review.
This review is mainly concerned with the microchannel 
inner surface designs for microscale flow control (Figure 1). 
It is organized into four sections. The first section shows an 
introduction on functional microchannels for microscale flow 
control. The second section shows the designing strategies for 
inner surface design of functional microchannels, including 
solid surface designs and liquid surface designs. The third 
section presents an overview of the applications of functional 
microchannels in microscale flow regulation. Finally, we pro-
vide the prospective opportunities for the development of 
microchannel inner surface designs for microflow control.
2. Inner Surface Design of Microchannels
Over the decades, researchers have developed various 
approaches to modifying the inner surfaces of the microchan-
nels to modulate the interaction between the surfaces and 
transport liquids, including the modifications of channel sur-
faces with functional molecules, the construction of physical 
structures on the surfaces, and the coating of functional liquid 
layers on the channel surfaces. According to the phase states of 
the modified functional layers, these approaches are classified 
into solid surface designs and liquid surface designs.
2.1. Solid Surface Designs
2.1.1. Surface Chemical Modification
Wetting properties of the inner surfaces can determine micro-
scale flow behaviors by changing the contact angles of transport 
liquid on the surface walls, which further affect Laplace force 
of the fluid (Figure 2A). The contact angle of fluid in the hydro-
philic regions is low, and the Laplace force has a positive effect 
on the fluid transportation in the microchannel. However, the 
contact angle of fluid in the hydrophobic regions is large, and 
the Laplace pressure has a negative effect on the fluid trans-
portation. In microchannels with hydrophobic surface walls, a 
driving pressure larger than the Laplace pressure is required 
to transport the fluid in the microchannel. Wetting properties 
of the channel walls can be changed by modifying the sur-
faces with distinct chemical compositions. Surface chemical 
modifications methods, such as self-assembly monolayer 
(SAM) method, plasma technology, etc., are usually combined 
with surface patterning technologies to modify the selected 
areas of the microchannel inner surfaces with different char-
acteristics for realization of specific microscale flow control in 
microchannels (Figure 2B).[38–41]
Self-assembly monolayer method is one of the most widely 
applied surface modification methods due to its straightforward 
procedures and broad applicability. The molecular interactions 
such as electrostatic interactions or intermolecular forces, 
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between the groups of functional molecules and the micro-
channel surfaces, are employed to achieve the modification of 
the microchannel surfaces. Zhao et al. reported the fabrication 
of functional microchannels with surface-directed liquid control 
by combing SAM method with either laminar flow patterning 
or photolithographic method.[21] The laminar flow-based pat-
terning method is simple, but it is hard to achieve complicated 
patterns using this method. With rapid progresses, photolithog-
raphy is developing to provide more flexibilities in patterning 
microchannel surfaces for complicated microfluidic flow regu-
lation. Chen and co-workers prepared hybrid soda-lime/quartz 
glass chips with wettability-patterned microchannels through 
combining SAM method, photolithography, and laminar flow 
method for flow profile switching of two-phase flow.[42] The 
prepared functional microchannels are capable of switching 
flow profile from water-in-oil droplet to oil-in-water droplet, 
from water-in-oil droplet or oil-in-water droplet to oil–water 
laminar flow. Different from those liquid-phase assembly of 
SAMs, Li and co-workers modified the microchannel surfaces 
by vapor-phase deposition before the microchannel bonding, 
and the microchannel functionalization was achieved through 
integrating three kinds of SAMs on the channel surfaces using 
photolithographic method.[43] Lammertink and co-workers 
reported the spatial site-patterning of wettability in micro-
capillary surfaces by combing photolithography with silane-
based SAM chemistry.[44] The photoresist layer, which formed 
after ultraviolet light (UV) exposure and developing process, 
protected the underlying regions from modification, while the 
exposed regions were modified with organosilanes. Figure 2C 
shows that water adhered on the hydrophilic segments but not 
on the hydrophobic segments after gently removing water with 
nitrogen gas. Hou and co-workers fabricated flexible micro-
channels in elastomeric VHB membranes by laser cutting 
method, and modified the elastomeric microchannel surfaces 
with 1H,1H,2H,2H-perfluorodecyltrimethoxysilane (PFTS).[45] 
As shown in Figure 2D, the contact angles of water and 
dimethylsilicone oil droplets on the elastomeric surface were 
increased significantly after modification of PFTS.
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Figure 1. Schematic illustration of microchannel inner surface designs for microscale flow control. Interface forces between the transport liquids 
and the channel surfaces can be regulated by the properties of the microchannel surfaces, which could be tailored by the microchannel inner surface 
designs, including solid surface designs and liquid surface designs. The solid surface design approaches are categorized into surface chemical modi-
fication of the microchannel surfaces and construction of micro-/nanostructures on the inner surface walls. The liquid surface designs are realized by 
stabilizing the functional liquids in the structured surfaces on the microchannel walls or in the microchannels built in porous matrixes. Laplace pres-
sure (PL) of a transport liquid in a microchannel is determined by the interface tension of the transport liquid, contact angles (θ) of transport liquid 
on the surrounding surfaces, and dimensions of the microchannel. The contact angles of fluid on the inner surfaces depend on the interfacial forces 
on the three-phase lines. PL, PL′, and PL″ represent Laplace pressure of a transport fluid in different regions of microchannels with different surface 
features. Microscale flow behaviors, such as fluid transportation, mixing, and separation, can be realized by rational surface designs of microchannels.
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Besides the chemical modification of microchannel inner 
 surfaces, chemically patterned surfaces can be integrated 
into microfluidic chips as one layer to endow the microchan-
nels with specific functions. Zhang and co-workers provided 
a strategy for the functionalization of microchannels by inte-
grating chemically patterned surfaces with hydrophilic–hydro-
phobic alternative stripe patterns into polydimethylsilane 
(PDMS) microchannels.[22] The chemically patterned surfaces 
were prepared by a photolithographic process on hydrophilic 
silicon substrate with alternative stripe  patterned mask and 
subsequent vapor-phase deposition of trichloro-(1H,1H,2H,2H-
perfluorooctyl)silane (PFS), followed by removal of the residual 
photoresist. Contact angle measurements demonstrated that 
the prepared SiOH-PFS stripe surfaces showed anisotropic wet-
ting properties. After compressing a Y-shaped PDMS micro-
channel onto the patterned surface in an appropriate direc-
tion, the branch microchannel parallel and perpendicular to 
the stripes had different energy barrier for water, making it 
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Figure 2. A) Schematic illustration of Laplace pressure of fluid in the hydrophilic and hydrophobic area of the microchannel. The positive PL in the 
hydrophilic area promotes the fluid flow in the microchannel, while the negative PL in the hydrophobic area acts as energy barrier for fluid transpor-
tation. B) Schematic illustration of self-assembly methods and patterning methods for the chemical modification of microchannel inner surfaces. 
C) Water adhesion in a quartz capillary tube with hydrophilic and hydrophobic segments. Reproduced with permission.[44] Copyright 2016, American 
Chemical Society. D) Contact angles of water and dimethyl silicone oil droplets on the elastomeric surfaces before and after PFTS modification. Repro-
duced with permission.[45] Copyright 2018, Wiley-VCH. E) Schematic illustration of oxygen, UVO and fluorocarbon plasma treatment of Si/SiO2/poly-
mers substrates. F) Contact angle of water droplet on polymer (polymethylmethacrylate (PMMA), cyclic olefin copolymer (COC), and polycarbonate) 
substrates after different time of UVO treatment. Reproduced with permission.[49] Copyright 2017, The Royal Society of Chemistry.
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possible to direct flow in the microchannel through tuning the 
driving pressure.
Plasma technique offers a simple and effective way of 
direct implementation of microchannel functionalization.[46] 
Figure 2E shows the schematic illustration of oxygen, UV/ozone 
(UVO), and fluorocarbon plasma treatment of Si/SiO2/polymer 
substrates. When the microchannel surfaces are exposed to 
oxygen/UVO plasma, high energy oxygen radicals are generated 
and bombarding the substrate surface to oxidize it and render 
it hydrophilic, which provides the microchannel with capil-
lary filling capability. While the exposure of the microchannel 
surfaces in fluorocarbon plasma renders the microchannels 
hydrophobic, providing energy barrier for fluid transportation. 
Gogolides and co-workers reported the preparation of micro-
channels with capillary filling performance by oxygen plasma 
etching, and further provided the microchannel with hydro-
phobic valving performance by C4F8 plasma treatment.[47] Das-
Gupta and co-workers functionalized the PDMS microchannels 
by oxygen plasma treatment.[48] The functional microchannels 
were prepared by irreversible bonding of oxygen plasma treated 
PDMS mold and PDMS-coated glass substrate. Lillehoj and co-
workers reported the UVO treatment of polymer microchan-
nels to make the inner surfaces more hydrophilic.[49] As shown 
in Figure 2F, the contact angles of water droplet on polymer 
substrates were decreased with the UVO treatment time. Their 
results show that the hydrophilic property of the surrounding 
walls after UVO plasma treatment allows the capillary filling 
of water in the microchannels, and longer time of treatment 
generates faster flow rates. Yoshiki et al. reported the capil-
lary filling of fluid in the cyclic olefin copolymer microchannel 
through treatment of pulsed He/O2 and Ar/O2 plasmas.[50]
2.1.2. Surface Structure Construction
Another main strategy to impact microflow behaviors through 
surface effects is to construct physical structures on the inner 
surfaces of microchannels, including anisotropic wetting struc-
tures, and micro-/nanostructures for wettability enhancement. 
A surface is said to be anisotropic in wettability if it shows 
distinct contact angles when measured in different direc-
tions.[51–53] Anisotropic wetting occurs when liquid contact line 
encounters physical discontinuity and chemical heterogeneity 
present on solid surfaces. In recent years, anisotropic wetting 
micro-/nanostructures have attracted wide scientific attention 
for practical applications, such as microfluidics,[24,54] fog har-
vesting,[55–57] and oil–water separation.[58–60] The anisotropic 
wetting structures are usually integrated into microfluidic 
chips in two manners: when the anisotropic wetting structures 
are arranged in a single microchannel, they induce different PL 
of fluid when the flow direction is along and against the ani-
sotropic wetting direction; when the anisotropic wetting struc-
tures are arranged in different branch channels that connect 
a main channel, the liquid flow has direction specificity when 
it is transported from the main channel to branch channels 
due to the different PL of fluid. Increasing the surface rough-
ness by introducing micro-/nanostructures on the surfaces is 
another strategy for changing wetting properties of the sur-
faces, hence, flow behavior of transport liquid can be changed 
through rational integration of micro-/nanostructures in the 
microchannel inner surfaces.
Many anisotropic wetting structures have been integrated into 
microchannels to endow the channels with specific functions. 
Kim and Suh prepared functional microchannels with unidirec-
tional liquid manipulation ability by building the PDMS micro-
channels on the stooped polyurethane acrylate (PUA) nano-
hairs.[54] The PUA slanted nanohairs were prepared by replica 
molding, platinum coating, and oblique irradiation with e-beam. 
Yoon and co-workers reported in situ construction of asymmetric 
ratchet structures in the microchannels by combining photopo-
lymerization of PUA with the directional UV exposure via an 
optically asymmetric Lucius prism array (Figure 3A).[23] After the 
removal of uncured prepolymers from the microchannels, they 
obtained polymeric asymmetric structures within the channel. 
As shown in the schematic, the fluid has a low critical Laplace 
pressure when it transports in the direction along the anisotropic 
wetting direction compared to that in the reverse direction. 
When the fluid was injected in the microchannel, it showed uni-
directional flow behavior along the anisotropic wetting direction 
due to the resistance difference of the underlying anisotropic 
structures. Nakashima et al. reported microchannel function-
alization by using gradient wettability surfaces, which were pre-
pared by photolithographic process with wedge shaped mask on 
cyclo olefin polymer plate, sputtering of SiO2, and removal of the 
photoresist.[61] Zhang and co-workers reported the microchannel 
functionalization by integrating anisotropic Janus silicon nano-
pillar arrays into microchannels.[24] The anisotropic wetting 
nanostructures were prepared by asymmetric modification of 
Si nanopillars with hydrophobic PFS and hydrophilic molecules 
(16-mercaptohexadecanoic acid, MHA), and the anisotropic wet-
ting direction was along the MHA-modified direction.
In another work, Zhang and co-workers reported microchannel 
functionalization through the construction of simple morphology 
patterned stripes with hydrophobic wettability in the microchan-
nels.[62] Choi and co-workers fabricated scalloped silicon nano-
grooves substrate through deep reactive ion etching method, and 
built microchannels on the patterned substrate to control flow 
behavior.[63] Recently, Zhang and co-workers integrated obstacle 
microstructures in microchannels to precisely confine the solid–
liquid–air three phase contact line of the fluid front (Figure 3B).[64] 
As shown in the schematic, two factors induce the increase of 
Laplace pressure for the fluid transportation in the microchannel, 
including a modest increase of Laplace pressure when fluid flows 
from concave section to convex section, and a significant increase 
of Laplace pressure results from the Gibbs inequality condition 
when fluid flows from convex section to concave section. Water 
flowed in the microchannel at driving pressure of 44 mbar, while 
it stopped in the obstacle microstructure region due to the large 
critical Laplace pressure. In other works, they reported the micro-
channel surface functionalization through integrating thermal-
responsive anisotropic wetting micro-/nanostructures for smart 
control of microscale flow behaviors.[65,66]
The general fabrication approaches of micro-/nanostructures 
in the microchannels include advanced micro-/nanofabrica-
tion technologies, sol–gel methods, etc. In addition, the micro-/
nanostructures are usually modified with hydrophobic chemi-
 cal compositions to act as Laplace valve in microfluidic chips. 
Kitamori and co-workers reported a functional nanochannel 
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with a nanovalve for nanoscale flow control.[67] Nanopillar 
arrays were prepared by a two-step electron beam lithography 
and dry-etching process, and subsequently modified by hydro-
phobic trimethylsilylimidazole and embedded in a nanochannel 
to fabricate nanovalve (Figure 3C). The nanochannel on the 
nanopillar region applied a larger Laplace pressure compared 
to that on flat region, which resulted in the increase of driving 
pressure to flow through. Their results show that the valve was 
closed when the driving pressure was 200 kPa, while it opened 
when the applied pressure was 240 kPa. Kim and co-workers 
fabricated functional microchannels with multi-step Laplace 
valves through tuning the wettability of the microchannel sur-
faces.[68] Meng and co-workers reported the functionalization 
of microchannel surfaces with SiO2/TiO2 micro–nano struc-
tures.[69] After the construction of the micro–nano structures, 
trimethylchlorosilane was grafted onto composite structures 
to render them superhydrophobic, followed by selective UV 
irradiation to increase the wettability to fabricate a microvalve 
in the capillary. Steele and co-workers reported the functional 
microchannels with superhydrophobic surfaces by coating of 
silica nanoparticles on the channel surfaces and self-assembly 
of dodecyltrichlorosilane on the coated nanoparticles.[70]  
Kobayashi and Konishi reported microchannels with 
 photoresponsive microscale flow control functions through 
construction of TiO2 film with nanoscale roughness on the 
microchannel surface by combining reactive sputtering pro-
cess with CF4 plasma etching process, and further modifica-
tion of TiO2 with octadecylphosphonic acid SAM.[71] Min and 
 co-workers reported the wettability changes of COC micro-
channel surfaces through construction of nanoscale structures 
on the polymer surfaces using a simple micromilling method 
without any chemical change.[72]
The superhydrophobic wettability on the rough surfaces are 
often explained by Cassie model that the liquid is assumed 
to only contact the top of rough surfaces, and air pockets are 
trapped underneath the liquid. Therefore, there exist gas–liquid 
interfaces when fluid moves inside a microchannel with supe-
rhydrophobic surfaces. In such a microfluidic system, the air 
pockets underneath the micro-/nanostructures are not to be 
filled by the transport fluid, and “air” parts of the surface are 
Small 2019, 1905318
Figure 3. A) Schematic illustration of Laplace pressure of fluid in a microchannel with asymmetric ratchet structures, scanning electron microscopy 
image of polymeric ratchet structures, and unidirectional liquid flow behavior of water in the prepared microchannel. Reproduced with permission.[23] 
Copyright 2014, Wiley-VCH. B) Schematic illustration of Laplace pressure of fluid in a microchannel with an obstacle microstructure on bottom surface 
of the microchannel, atomic force microscopy image of the obstacle microstructure, and flow behavior of water in the microchannel at driving pres-
sure of 44 mbar. Reproduced with permission.[64] Copyright 2018, Elsevier. C) Schematic illustration of Laplace pressure of fluid in a nanochannel with 
hydrophobic nanopillar structures, atomic force microscopy image of the obtained nanopillar arrays, and flow behavior of water in the nanochannel at 
driving pressure of 200 and 240 kPa. Reproduced with permission.[67] Copyright 2012, American Chemical Society.
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considered completely non-wetting. Hence, gas–liquid inter-
faces are stable in those microchannels, and gases act as one 
part of the functional layer. In fact, gas layer can also be crafted 
for microscale flow control. Gas–liquid laminar flow could be 
achieved in the microchannel by tailoring the flow rate of the 
two phases, but stable gas–liquid–gas laminar flow is difficult 
to achieve in a homogenous microchannel simply through reg-
ulating the flow rates. Gas–liquid interfaces can be stabilized 
by designing physical and chemical patterns in the microchan-
nels.[21,22] In the near future, we expect microscale flow control 
based on gas layer design in the microchannel, and believe that 
gas could act as a stable functional layer through rational modi-
fication of the surface structures and chemical composition of 
the microchannels.
2.2. Liquid Surface Designs
The microscale flow control inside functional microchannels 
based on liquid surface designs is an approach developed very 
fast in recent years.[29,73] Functional liquid layers can be stabi-
lized on the inner surfaces through the van der Waals forces 
between functional liquid and surface walls, and the capillary 
effects on the structured surfaces. When a transport liquid 
moves through a microchannel covering with functional liquid, 
a solid–liquid–liquid interface is created. The introduction of 
such solid–liquid–liquid interface transforms the scientific 
issues with microfluidic control from conventional interplay 
between surface tension of the transport liquid and the geo -
metry and surface chemistry of their solid support inside micro-
channels to interfacial forces between transport liquid and 
functional liquid. In this section, we will elaborate on the 
concept of liquid surface designs and discuss how to fabricate 
liquid-infused microchannels.
The liquid surface design of microchannels is inspired 
from the ubiquitous liquid-lined surfaces in nature.[74–77] Tear 
films keep eyes clear of debris and bacteria, and also provide 
defect-free coating to make them transparent. Liquid-lined 
porous structures of lungs provide mechanical compliance for 
breathing and facilitate selective transportation of gas. Inspired 
from these natural liquid-lined structures, various liquid-
infused channels and materials have been fabricated for appli-
cations in medical,[78,79] environmental,[80–83] and energy-related 
fields.[84] Liquids are mobile and have random shapes in bulk 
systems, while they can be fixed in micro-/nanoscale channels 
due to the capillary force, and the van der Waals force between 
the solid surface and fluids. Three criteria needed to be satis-
fied for designing the microchannels with liquid inner surfaces. 
(1) The functional liquid must be stabilized on the microchannel 
inner surfaces. (2) The microchannel surfaces must be prefer-
entially wetted by the functional liquid than transport liquid. 
(3) The functional liquid and transport liquid must be immis-
cible. The surface chemistry of the microchannel needs to 
match the chemical nature of the functional liquid to ensure the 
strong van der Waals interaction between the functional liquid 
and channel surfaces. In addition, construction of micro-/nano-
structures on the microchannel surfaces or building micro-
channels in porous matrixes will promote the stability of the 
 functional liquid layer through enhanced capillary force.
Howell et al. reported the fabrication of microchannels with 
functional liquid layers and studied the stability of functional 
liquid layers.[29] As shown in the schematic of liquid-lined 
microfluidic channels (Figure 4A), the top channel surface 
was flat PMMA surface, the bottom channel surface was 
structured PMMA surface, while side channel surfaces were 
porous polytetrafluoroethylene membrane surfaces. Both the 
flat PMMA surface and nanostructured PMMA surface were 
fluorinated through inductively coupled C4F8 plasma method. 
The porous membrane was infused with fluorescently labeled 
perfluorinated lubricant (Krytox 103) or perfluorodecalin PFD 
and assembled with PMMA surfaces to prepare liquid-infused 
microchannels. After water flow for 10 min through the liquid-
infused microchannel with a flow rate of 100 µL min−1, the 
microfluidic channel surfaces remained to be covered with 
functional lubricant layer. The fluorescent image demonstrated 
that the structured PMMA surface retained more lubricant than 
flat PMMA surface (Figure 4Aii). Their results show that the 
thickness of the lubricant layer did not change significantly 
with the increasement of flow rate of water (Figure 4Aiii). How-
ever, when the PMMA surfaces were not nonfluorinated, they 
showed a fluorescence intensity nearly zero after shear stress 
by water flow with same flow rates. Above experimental results 
indicated the importance of the chemistry matching between 
the microchannel surfaces and functional liquid, and the 
surface roughness for building of liquid-infused microchan-
nels. Bandaru and co-workers reported the electrolyte flow in 
the liquid-filled microchannels for the study of electrokinetic 
phenomena at the microscale (Figure 4B).[84] The liquid-filled 
microchannels were prepared through bonding straight-line 
patterned PDMS microchannels with liquid-filled grooves 
patterned silicon surfaces. The grooves patterns on the silicon 
substrate were constructed by photolithography and dry 
etching, removal of photoresist, and surface coating with hydro-
phobic Parylene-C.
Hou et al. fabricated porous microchannels with liquid 
surface designs for dynamic control of microscale flow 
(Figure 4C).[30] The functional microchannels were prepared by 
laser engraving of porous PTFE membrane for high-resolution 
microchannel patterning, 3D alignment of the membranes 
for building of enclosed microchannels, and injection of the 
functional liquid with syringe pump. After functional liquid 
was injected into the microchannel, it partially infused the 
surrounding porous matrix, and the porous matrix was com-
posed of liquid-filled pores (liquid pockets) and air-filled pores 
(air pockets). In the liquid-filled microchannel, the functional 
liquid acted as a fluid valve for the transport fluid, and the flow 
behavior could be controlled by the interface tension of the two 
fluids, microchannel size, pore size distribution, and driving 
pressure of the transport fluid.
Besides the liquid surface designs of the microchannels, 
researchers also developed microchannels with fluid walls. 
Walsh et al. prepared microfluidic chips by continuous ejection 
of media from a pen and printing microchannel patterns on 
the underlying surfaces.[85] The footprint of the media will not 
change until the apparent contact angle is above the advancing 
contact angle or below the receding contact angle, enabling the 
injection or removing the fluid without changing the footprint 
in a controlled manner. In addition, they overlaid the media 
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with an immiscible fluid with a low density (fluorocarbon, 
FC40) to eliminate the evaporation of media, and increase 
the volume of addible fluid. Moreover, they also realized fluid 
pumping through changing the Laplace pressure and hydro-
static pressure. Most recently, Helms and co-workers reported 
the fabrication of microchannels with liquid walls through 
liquid-in-liquid printing and micropatterning techniques.[86] 
After adding appropriate volume of the nanoclay dispersion on 
patterned superhydrophilic area, a solution with surfactants, 
silicone oil, or hexadecane was overlaid on the surface, which 
resulted in the interfacial self-assembly of nanoclay–polymer 
surfactants at the oil–water interface and formation of an 
elastic semipermeable membrane wall. The formed elastic wall 
allowed the all-liquid architecture to maintain integrity while 
fluid could be pumped through the channel. These microfluidic 
channels with liquid surface designs will hold great potential in 
liquid handling, microfluidic reactors, etc.
2.3. Section Summary
The interactions between transport liquids and solid inner 
surfaces, transport liquids, and functional liquid layers have 
some fundamental differences. In this part, we will discuss 
the general characteristics of the two surface designs and their 
corresponding solid–liquid interfaces and solid–liquid–liquid 
interfaces. The general features and limitations of the solid 
surface designs and liquid surface designs are also included in 
Table 1.
The fabrication approaches for solid surface design of 
microchannels are compatible with well-developed surface-
modification and micro-/nanofabrication technologies. In a 
microchannel with solid surface design, the contact angles of 
a transport liquid on microchannel surfaces are determined 
from the solid–transport liquid interface tension (γST), solid–
gas interface tension (γSG), and transport liquid–gas interface 
tension (γTG). Due to the direct interaction between solid sur-
faces and transport fluids, the solid–liquid interfaces are stable, 
hence, fluid behaviors can be manipulated in accurate and con-
trollable manners. However, the direct contact between channel 
surfaces and transport liquids result in severe microchannel 
fouling, which occurs due to nonspecific adsorption of compo-
nents of fluids on the surfaces, and microchannel fouling will 
change the surface properties of the microchannels and reduce 
the lifetime of the microfluidic devices. In addition, on the 
basis of the law of the lowest energy, the solid microchannel 
surface absorbs materials with low surface energy from air to 
satisfy the lowest energy of surface, hence, long-time stability 
of the solid surface is limited, and the microchannels needs 
appropriate storage environments. Some polymer microchan-
nels, such as the most commonly used PDMS microchannels, 
suffer from the swelling problem when contacting with organic 
solvents, such as acetone, toluene, cyclohexane, etc.
Using liquids as functional materials for flow control, the 
liquid inner surface design of microchannels transforms the 
basic scientific issue of solid–liquid interfaces of the micro-
channel to solid–liquid–liquid interfaces. In a microchannel 
with functional liquid layers, the contact angles of trans-
port liquid on functional liquid surface is determined from 
the functional liquid–transport liquid interface tension (γFT), 
functional liquid–gas interface tension (γFG), and transport 
liquid–gas interface tension (γTG). However, in a microchannel 
filled with stable functional liquid, the angle in the boundary 
of functional liquid and transport liquid (a) is determined by 
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Figure 4. Liquid-based designs in microfluidic channels. A) Diagram of the microfluidic channel for investigation of the stability of the liquid layer on the 
channel surfaces with shear stresses (i), fluorescent images from top-down view of the structured and flat microchannel surfaces with shear stresses under 
flow rate of 100 µL min−1 for 10 min (ii), and cross-sectional view of the flat and structured surfaces under flow rate of 100 and 1600 µL min−1 (iii). The 
thickness of the liquid layer on the structured surface is larger than that on flat PMMA surface. Reproduced with permission.[29] Copyright 2015, American 
Chemical Society. B) Schematic of pressure-driven electrolyte solution flow in liquid-infused microchannel built from covering a PDMS microchannel on 
the groove structured surface and subsequent liquid filling (i), and image of the liquid infused grooves structures (ii). Reproduced with permission.[84] 
Copyright 2018, Springer Nature. C) Schematic of an adaptive air/liquid pocket transport system (i) and the working principle of microscale flow in the 
liquid based microchannel through tailoring the applied pressure (ii). The distribution of the functional liquid in the porous media changes with the pres-
sure in the air pocket. The fluid transports in the microchannel when the applied pressure is above the threshold pressure Po but below another critical 
pressure PL. Reproduced with permission.[30] Copyright 2018, Springer Nature.
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the functional liquid–transport liquid interface tension (γFT) 
and transport liquid–functional liquid interface tension (γTF). 
In the liquid-filled microchannels, the liquid–liquid interfaces 
are dynamic and ultrasmooth. Compared to the solid–liquid 
interface, the novel developed liquid surface designs offer novel 
and interesting opportunities for microfluidic control and other 
microfluidic applications benefit from dynamic liquid–liquid 
interfaces. The liquid–liquid interface that exists between two 
immiscible liquids has the mobility many orders of magnitude 
greater than that of solid–liquid interfaces. In the liquid-infused 
microchannels surfaces, the functional liquid provides defect 
free and molecular-scale smooth surfaces for the transport 
liquids. Due to the dynamic nature of functional fluids, func-
tional liquids are reconfigurable in the microchannel surfaces, 
and effective dimension of the microchannel can be controlled 
by the thickness of functional liquid layers. In addition, the 
functional liquid layers prevent the contact between transport 
substances and the underlying microchannel surfaces, which 
brings about significant antifouling and antiswelling pro perties 
of the liquid-filled microchannels. But liquid-based design 
of microchannels also has some limitations. First, dynamic 
liquid–liquid interfaces result in limitations in stability and 
accurate control in the microscale flow regulation. Second, 
the functional liquid and transport liquid must be immis-
cible, and the channel surfaces must be preferentially wetted 
by functional liquid than transport liquid, which increases 
the difficulty in the selection of appropriate functional liquids 
and materials of solid microchannel for the transportation of 
multiphase liquids.
3. Applications
To actually perform their tasks, in microfluidic devices, the 
fluidic flows including reagents or samples must be directed, 
mixed, separated or manipulated in controlled manners. 
The majority of these applications rely on the functional 
microchannels the fluids transport through, more concretely, 
the surface effects of microchannels. Therefore, various 
functional microchannels with specific interactions with the 
transport fluids are developed to regulate the microscale flow 
behaviors. In this section, we will discuss in detail the applica-
tions of inner surface designs of microchannels on the micro-
scale flow regulations.
3.1. Fluid Transportations
Wetting properties of the microchannel surfaces and dimen-
sions of the microchannel have great impacts on the flow pro-
files of fluids. When the microchannel surfaces are hydrophilic, 
the fluid can transport in the microchannel through capillary 
filling, while the hydrophobic wettability of the surface acts as 
barrier for fluid transport. Through selective wettability pat-
terning of microchannels, the fluid pathway can be defined by 
the wettability patterns. The hydrophobic areas act as micro-
valves, and the on/off switch is controlled by the pressure of 
fluid. In addition, anisotropic wetting structures provide dif-
ferent energy barrier for fluid flow in different directions, 
and the fluid transportation have direction specificity. Hence, 
manipulation of flow pathway, flow speed, and flow directions 
of fluids can be realized by controlling the physicochemical 
properties of the microchannels inner surfaces. Moreover, 
active and smart control of fluid transportation can be realized 
by designs of stimuli-responsive chemical or physical struc-
tures on the inner surfaces.
Zhao and co-workers reported surface wettability directed 
microflow in the chemical patterned microchannels fabricated 
from the combination of SAM method with laminar flow pat-
terning or photolithography.[21] Because of the different PL in 
the hydrophilic and hydrophobic areas, the aqueous solution 
flowed in the hydrophilic regions and its flow in the hydro-
phobic regions was restricted at a driving pressure below the 
critical pressure. Li and co-workers reported the selective pat-
terning of microchannel surfaces with different SAMs for 
guiding of microscale flow.[43] Their results show that the oil 
front preferred to flow in the oleophilic branch, while water 
front preferred to flow in the hydrophilic branch. Water-in-oil 
droplets are usually prepared in the microchannels with hydro-
phobic chemistry, while oil-in-water droplets are prepared in 
hydrophilic microchannels. Chen and co-workers reported the 
switching of flow profiles of droplets in the chemically modified 
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Table 1. Comparison between the solid surface designs and liquid surface designs of microchannels.
Surface designs Approaches/conditions Features Limitations
Solid 
surface 
design
Surface chemical 
modification
Self-assembled monolayer 
method,[21,42–45] plasma 
treatment,[46–50] etc.
Direct and simple modification 
procedures
a. Stable solid–liquid 
 interfaces[21,42,47,62,64,67,68]
b. Accurate and controllable fluid 
manipulation[21,24,42–50,61–70]
a. Microchannel fouling and resulted 
changes in the surface properties[87]
b. Limited long-time stability[88]
c. Swelling of some polymer (such as 
PDMS) microchannel by organic 
solvents[18]
Surface structure 
construction
Photolithography,[61–64] 
reactive ion etching,[24,62–67] 
sol–gel method,[68–70] etc.
Compatibility with well-developed 
micro-/nanofabrication techniques
Liquid surface design Strong van der Waals 
interaction between func-
tional liquid and channel 
surfaces[75]
a. Dynamic and ultrasmooth functional liquid-transport liquid 
interfaces[73]
b. Controllable effective dimension of microchannels[30]
c. Antifouling and antiswelling properties of the microchannels[89]
a. Poor stability and controllability in the 
fluid manipulation
b. Difficulty in the selection of functional 
liquids and microchannel materials for 
transportation of multiphase liquids
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functional microchannels.[42] In a microfluidic channel with 
half-side hydrophilic and half-side hydrophobic property, oil-
in-water droplets formed in the upstream section of the micro-
channels with hydrophilic property changed to water-in-oil 
droplets in the downstream section of the microchannels with 
hydrophobic property (Figure 5Ai). When the downstream 
section of the microchannel is half-side hydrophilic and half-
side hydrophobic, oil-in-water droplets or water-in-oil droplets 
formed in the upstream section changed to side-by-side oil–
water laminar flow in the downstream section (Figure 5Aii,iii).
Kim and co-workers reported that the flow velocity of water 
in the microchannels built on stooped polymer nanohairs were 
different when water was injected along and against the slanted 
directions.[62] After building microchannels on the slanted 
nanohairs, they found the flow speed along the slanted direc-
tion was about six times faster than that against the slanted 
direction. Bea et al. reported in situ construction of asym-
metric ratchet structures in microchannels for controlling 
the flow velocity. They constructed ratchet structures with dif-
ferent slanting directions in the microchannels.[23] As shown in 
Figure 5B, the flow speed in region A and C is lower than flow 
speed in region B. Nakashima et al. reported automatic droplet 
transportation in an enclosed microchannel with wedge-shaped 
hydrophobic–hydrophilic patterned top and bottom surfaces.[61] 
As shown in Figure 5C, a water droplet transported about 
12 mm in 8 s in the prepared microchannel. Due to the gra-
dient wetting surfaces, the fluid could be transported in the 
microchannels without external power supply. Zhang and 
co-workers reported the flow behavior of water in PDMS micro-
channels built on hydrophilic-hydrophobic alternative stripe 
patterned surfaces.[22] Their results show that the flow speed in 
the microchannel along the parallel direction was larger than 
perpendicular direction, and the ratio of flow speed along the 
parallel direction and perpendicular direction was decreased 
from 18.59 to 1.25 when the driving pressure changed from 
40 to 80 mbar.
Zhang and co-workers introduced Janus nanopillar arrays 
in microchannels for controlling the flow direction of fluid.[24] 
When the driving pressure was lower than the critical pressure, 
the aqueous solution was directed into outlet channel that in 
the hydrophilic-modified direction, while only a small amount 
of fluid flowed into and stopped in the outlet channel that in 
the hydrophobic-modified direction. In other works, Zhang 
and co-workers introduced anisotropic wetting surfaces with 
chemically and morphology patterned stripes into microchan-
nels to control the fluid transportation.[22,62] When water was 
injected into the microchannels, it showed anisotropic behavior 
in microchannel built upon chemically patterned surfaces, 
while showed unidirectional flow on morphology patterned sur-
faces (Figure 5D). The on–off switch of microscale flow can be 
controlled by the novel liquid surface designs of the microchan-
nels. Hou et al. developed a solid–liquid–liquid interface based 
method for microscale flow control in liquid-infused micro-
channels.[30] Due to the existence of the functional liquid in the 
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Figure 5. Surface designs of microchannels for fluid transportation. A) Profile changes of two-phase flow in the surface-modified microchannels: from 
oil-in-water droplet to water-in-oil droplet (i), from water-in-oil droplet to two-phase laminar flow (ii), and oil-in-water droplet to two-phase laminar 
flow (iii). Reproduced with permission.[42] Copyright 2013, Elsevier. B) Liquid flow velocity in the microchannel with ratchet structures in different 
directions. Insets show the microchannel and the ratchet structures in different regions. Reproduced with permission.[23] Copyright 2014, Wiley-VCH. 
C) Automatic fluid transportation in microchannel with wettability gradient top and bottom surfaces with hydrophilic–hydrophobic wedge-shaped pat-
tern. Reproduced with permission.[61] Copyright 2015, AIP Publishing. D) Microscopy images of water flow in the microchannel built on morphology 
patterned stripes structured surface. Water flows into the outlet channel in the direction parallel to the stripes, while its flow in the outlet channel in 
the perpendicular to the stripes is restricted. Reproduced with permission.[62] Copyright 2016, American Chemical Society.
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microchannel, a driving pressure larger than a critical pressure 
Po is needed to introduce transport fluid into the microchannel. 
The critical pressure Po is dependent on the interface tension 
in the liquid–liquid interface γFT and size of the microchannel. 
In addition, the transport liquid will replace the functional 
liquid when the driving pressure surpasses another critical 
pressure PL, which depends on the γFT and the average size of 
the air/liquid pockets. Once the driving pressure was removed, 
the functional liquid refilled the microchannel due to the capil-
lary force and the microchannel system recovered its original 
state. In addition, the thickness of the functional liquid in the 
porous microchannel surfaces varied with the flow rate of the 
transport fluid.
Most of the microchannels based on inner surface designs 
provide passive flow control approaches. In addition, active 
control can also be realized through rational design of inner 
surface with active control elements. Electrowetting and die-
lectrowetting both modify the wetting properties of liquid 
droplets and fluids on the surfaces through electric field, 
and find many applications in microfluidic chips to regu-
late microscale flow behaviors.[90,91] Katakis and co-workers 
reported low voltage electrochemically activated microvalves 
for controlling the fluid transportation in microchannels.[92] 
Suzuki and co-workers realized the electric control of micro-
fluid transportation by reductive desorption of hydrophobic 
SAMs on the platinum electrode.[93] The hydrophobic SAM-
modified electrode acted as a microvalve for the micro-
channel, and the microscale flow was tailored by appropriate 
electric potential. When no electric potential was applied, the 
solution stopped at the hydrophobic valve. However, once 
an appropriate electric potential was applied, the SAM was 
removed from the electrode due to reductive desorption and 
the microvalve became hydrophilic, and the solution flowed 
across the valve region. Arango et al. reported the control 
of microfluid transportation through building electrogates 
in the microchannel.[94] Different from the aforementioned 
integrated electrodes with hydrophobic SAMs, the electrodes 
they reported have semicircular trench patterns and were not 
modified by hydrophobic functional molecules. Integration of 
stimuli-responsive polymer brushes into microchannel sur-
faces provides advanced strategies for smart control of micro-
scale flow. Zhang and co-workers reported the smart control 
of microfluid transportation by integrating PNIPAM-MHA 
modified Janus Si nanopillar arrays into the microchannels.[66] 
When the temperature was below the LCST of PNIPAM, the 
PNIPAM was hydrophilic and the Janus structures showed 
isotropic wetting, hence the fluid flowed into both outlets in 
PNIPAM and MHA modified direction. When the system 
temperature was above the LCST of PNIPAM, the PNIPAM 
was hydrophobic and the Janus nanostructures showed ani-
sotropic wetting, which resulted in the anisotropic wetting of 
fluid that fluid only flowed into the outlet channel in MHA-
modified direction. In another work, they modified the mor-
phology patterned stripe structures with PNIPAM brushes 
and built PDMS microchannels on the surfaces to control 
fluid transportation.[65] These surface designs provide active 
and smart approaches for microscale flow regulation, which 
is an important step for realization of integrated microfluidic 
systems.
3.2. Fluid Mixing
Due to the low Reynolds number of fluids in the channels with 
microscale, the fluids show side-by-side laminar flow and fluid 
mixing is dominated by the diffusion in the fluid interfaces. The 
diffusion dominated mixing is slow, and the development of 
efficient fluid mixing is essential for increasing the throughput 
of microfluidic systems and realizing the concept of lab-on-
a-chip systems. The rapid mixing of fluids can be realized by 
changing the properties of the microchannels surfaces through 
solid surface designs. The physical and chemical structures in 
the microchannels can induce the chaotic flow of fluids, which 
promotes the mixing efficiency of fluids in the microchannels. 
In addition, smart designs of chemical/physical structures in 
the microchannel surfaces also provides active and smart con-
trol of fluid mixing in microchannels.
Stroock et al. reported the fabrication of chaotic mixers, 
which includes patterned topography such as obliquely oriented 
ridges or two sequential regions of herringbone-shaped ridges 
on one wall.[95] The chaotic flow of fluid resulted from these 
patterned topographies greatly improved the mixing efficiency, 
which provides a simple and passive method for fluid mixing in 
the microchannel. Floyd-Smith et al. reported the fluid mixing 
in microchannels with grooves structures on the top and/or 
bottom surfaces.[96] Li and co-workers patterned the bottom sur-
face of the microchannel with multi-SAMs for oil-water mixing 
and liquid-phase extraction.[43] The Figure 6Ai shows the sche-
matic of oil–water two phase flow in the microchannels with 
uniform FAS-17 and FAS-17/OTS alternative stripes. In the 
oleophobic FAS-17 modified microchannel, the oil and water 
show side-by-side laminar flow, which lead to low efficiency 
mixing and extraction. However, oil and water show 3D helical 
flow in the microchannel modified with FAS-17/OTS alternative 
stripes due to anisotropic flow resistance of the oleophobic/oleo-
philic SAMs. Figure 6Aii shows the experimental visualization 
of the oil–water mixing in FAS-17/OTS-modified microchannel. 
When the flow rate was 80 µL min−1, the oil (dichloromethane) 
and water flow started to get into each other's region; when the 
flow rate increased to 110 µL min−1, water phase began to take 
a winding shape; when the flow rate increased to 170 µL min−1, 
folding and rotation of water stream were observed. Recently, 
Liu and Tran reported the mixing of fluids in the microchannel 
with microporous structures.[97] The microchannels with 
microporous structures were prepared by simply using sugar 
particles as templates. Their results show that the mixing effi-
ciency of the microporous structured microchannel was high at 
a wide range of flow rates (40 to 320 µL min−1).
By integrating stimuli-responsive microstructures into the 
microchannel surfaces, the mixing of fluids can be achieved in 
a more advanced and controllable manner. Chen et al. studied 
the mixing of fluid in a microchannel with micropillar arrays, 
which could be magnetically driven.[98] Homogenous mixing 
of two high-viscous dyed solutions with mixing efficiency of 
about 86% was achieved using the active motion of micropil-
lars and induced fluid vortices. Zhang and co-workers reported 
rapid and controllable mixing of fluids in the microchannels 
with flexible micropillar arrays.[99] The PDMS micropillars were 
filled with Fe3O4 nanoparticles, which allowed for the magnetic 
controlled driving under a magnetic field (MF). Figure 6Bi 
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shows the working principle of fluid mixing in the micro-
channel with micropillars arrays. When MF is not applied, the 
micropillars keep their original shape and stand vertically in 
the microchannel, and the fluids pass by the symmetric micro-
pillars without significant enhancement of mixing. However, 
when MF in the perpendicular to the main channel is applied, 
the end of the elastic micropillars is reoriented. Because of the 
small gaps between the micropillars, the microstructures have 
a random and disordered arrangement in the microchannel, 
which induces the different resistances for transport fluids 
and enhances the mixing efficiency. From the fluorescence 
images in Figure 6Bii, we can find that the mixing effect was 
enhanced significantly with the application of MF compared 
to that without MF. In addition, they realized rapid and high-
producible mixing/non-mixing performance through switching 
the on/off state of MF, indicating real-time regulation of fluid 
mixing in the microchannel.
3.3. Fluid Separation
Fluid separation is indispensable when requiring separation 
of different phases from each other for further analysis or pro-
cessing in microfluidics. The microchannels/pores provide dif-
ferent energy barrier for different fluids, which makes the fluid 
separation possible by surface design of channels/pores and 
regulating the driving pressure of the fluids.
Jensen and co-workers reported the separation of gas and 
liquid flow by through a capillary force separator.[100] Under 
an appropriate pressure smaller than capillary pressure for the 
fluid across the capillary structures, the liquid was removed 
from the gas–liquid segmented flow to capillary and only gas 
remained in the main microchannel. In another work, they 
realized the separation of liquid–liquid mixtures in a mem-
brane based microfluidic design.[101] Aizenberg and co-workers 
reported a multiphase separation method based on liquid-based 
gating mechanism.[89] Different from solid pores that is always 
open for gas, the liquid-infused pores act as dynamic gates 
for both gas and liquid. When the driving pressure was above 
the critical pressure, the liquid-infused pores were open, and 
the fluid transported through the pores. While the pores were 
refilled with functional liquid when the driving pressure was 
below the critical pressure, resulting in the restriction of fluid 
transportation. Due to the different interface tension between 
the transport fluid (gas and liquid) and the functional liquid, 
the critical pressure for gas and liquid through the liquid-
infused pores is different. Based on the different critical pres-
sures, gas–liquid separation was achieved in the liquid-infused 
pores system by tailoring the driving pressure between the 
critical pressure of gas and liquid (Figure 7A). A driving pres-
sure above or below the two critical pressures was not appro-
priate for gas-liquid separation. Furthermore, they also realized 
gas–water–oil three phase separation by accurate control of 
driving pressure to actively adjust selective fluid flow through 
the liquid-infused pores.
Zhang and co-workers separated gas–liquid two phase flow 
through integrating Janus nanopillar arrays with anisotropic 
wettability into microchannel.[24] In another work, Zhang and 
co-workers separated gas–liquid flow in the microchannels using 
the unidirectional flow of water in the microchannel built on 
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Figure 6. Surface designs of microchannels for fluid mixing. A) Schematic of microchannels with different chemical modifications for fluid mixing 
(i), and experimental observation of turbulence flow of oil and water in the microchannel with flow rate of 80, 110, and 170 µL min−1 (ii). Reproduced 
with permission.[43] Copyright 2014, American Chemical Society. B) Working principle of the mixing of fluids in the microchannel with magnetically 
functionalized flexible micropillars (i), fluorescence images of the microchannel without and with magnetic field, and the corresponding normalized 
intensity is provided for comparing the mixing efficiency (ii). Reproduced with permission.[99] Copyright 2015, The Royal Society of Chemistry.
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morphology patterned anisotropic wetting surfaces.[62] Recently, 
they realized gas–water separation by simply constructing 
obstacle microstructures in the microchannels.[64] Construction 
of hydrophobic obstacle microstructure in the microchannel 
increased the energy barrier for the flow of water, which could 
be explained by the Young–Laplace equation and the Gibbs 
inequality effect.[46,102] Because of the large critical Laplace force 
in the outlet channel with microstructure, the water was 
guided into outlet channel without microstructure under a 
driving pressure of critical pressure, and gas flowed into another 
outlet channel (Figure 7B). In addition, the solid–liquid–air 
three-phase contact line was stable in the structured area, which 
resulted in repeatable separation of gas and liquid flow.
3.4. Others
Apart from the regulation of the microscale flow behavior, the 
microchannel surfaces also have diverse interactions with the 
components in the transport liquids, which find potential appli-
cations in energy, sensing, and biology related areas.
In recent years, electrokinetic conversion has become an 
alternative energy harvesting technology for the development 
of mobile and portable electronics.[103–105] A streaming cur-
rent and streaming potential, which occurs when an ionic 
solution is driven by a pressure gradient through a channel or 
porous plug with charged walls, are two interrelated pheno-
mena in the study of electrokinetic energy conversion.[106–108] 
The electrolyte solution in the micro-/nanochannels is usually 
driven by an external pump or concentration difference.[109,110] 
The streaming current and streaming potential are relevant 
to the concentration and flow rate of the electrolyte solution, 
and properties of the charged micro-/nanochannels, such as 
dimensions of the channels, charge density of the surfaces. 
Zhou and co-workers developed a microfluidics nanogenerator 
that converts environmental mechanical energy into electrical 
energy.[14] The microfluidic device was prepared by standard 
soft lithography and contained two reservoirs connected by 
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Figure 7. Inner surface designs of microchannels for fluid separation. A) Gas–liquid separation by liquid-based pores. The gas and liquid are separated 
when the applied pressure is above the critical pressure of gas but below the critical pressure of liquid. Reproduced with permission.[89] Copyright 2015, 
Springer Nature. B) Microscopy images of gas–liquid separation in the microfluidic chips with an obstacle structure in one outlet channel. Due to the 
large Laplace pressure in the outlet channel with microstructure, the water plugs flowed into the outlet channel without structure, while the gas slugs 
flowed into outlet channel with microstructure. Reproduced with permission.[64] Copyright 2018, Elsevier.
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several microchannels. Two silver wires were placed in the 
reservoirs close to the two terminals of the microchannels for 
connection with a combined data acquisition card and current 
preamplifier to record the streaming potential and steaming 
current. When electrolyte solution was injected and a force was 
applied on the reservoir, streaming potential and current was 
generated since microchannel surfaces have negative surface 
charges that repelled identical ions in the solution and induced 
directional flow of excess counter ions (Figure 8A). After 
removal of force, an opposite streaming current and potential 
occurred due to the reflux of electrolyte solution. When the 
PDMS microchannel surfaces were modified by polyethylen-
imine (PEI), the microchannel surfaces had positive poten-
tial, which induced the negative voltage signal. Their results 
show that the output voltage increased from ≈0.85 to ≈3 V 
after modification of PEI, but the current decreased due to the 
increase of internal resistance in the microchannel. Bandaru 
and co-workers reported the enhanced voltage generation in 
a liquid-filled microchannels.[84] They demonstrated that the 
streaming potential of electrolyte solution in the liquid-filled 
microchannels were increased by a factor of 1.4 compared to 
air-filled microchannels. They obtained a voltage generated 
per unit applied pressure of 0.043 mV Pa−1 in the liquid-filled 
microchannels, which is the largest figure of merit thus far. 
Liquid based microchannel design provides another innova-
tive surface engineering method for the study of electrokinetic 
energy conversion in the microscale.
Liquid metals such as gallium (Ga) and its alloys have 
attracted great attention in the construction of soft and 
stretchable electronic devices due to their fluidity and high 
conductivity.[111,112] Confining the liquid metals in soft 
microchannels is one of the most common approaches for 
building soft electronics.[113,114] The liquid metals do not wet 
on various surfaces due to their high surface tension feature, 
but they adhere to the contacting surfaces resulting from the 
surface oxide film occur in the presence of oxygen. These resi-
dues of metal and metal oxide on the microchannel surfaces 
create handling challenges in device manufacturing and opera-
tion. Researchers have developed some physical and chemical 
modification methods in the microchannels surfaces to pre-
vent or lower the adhesion of oxide layer.[115,116] Injection of 
another liquid such as water or oil before injection of liquid 
metal can prevent liquid metal adhesion on the microchannel 
surfaces. In this liquid based design, the water or oil act as 
slippery liquid layer and physically separate metal oxide from 
the microchannel surface.[117,118] Increasing the roughness of 
the microchannel surfaces also provides a simple method to 
prevent adhesion. Recently, Dickey and co-workers reported the 
reversible actuation of Ga alloys in the microchannels through 
preventing oxide adhesion by spray-coating of inexpensive and 
commercially available NeverWet on the channel surfaces.[119] 
Morphology characterizations of the NeverWet showed the 
coating had both microscale and nanoscale roughness. No 
liquid metal residues were observed on the NeverWet coated 
surfaces (either hydrophobic or hydrophilic), indicating the sig-
nificant prevention of liquid metal adhesion. Furthermore, they 
built a PDMS microchannel coated with NeverWet and injected 
the liquid metal in the channel. As shown in Figure 8B, the 
liquid metal was actuated in the microchannel by applying 
pressure by hand. Upon releasing the pressure, the liquid 
metal left the microchannel without any residue. The antiadhe-
sion of liquid metal adhesion was maintained over a hundred 
actuation and releasing processes, and the processes were oper-
ated nearly 30 months from fabrication of sample, indicating 
the stability and durability of the coated microchannels.
Fouling of microchannel surfaces occurs due to nonspe-
cific adsorption of components of fluids on the surfaces.[87,120] 
PDMS microchannels suffer from the swelling problem when 
organic fluids are transported in the microchannel.[18,121,122] 
Building microchannels with low surface energy matrixes 
or modification of low surface energy materials are the most 
common strategies to prevent microchannel fouling and 
swelling, but problems still exist in a long-term operation.[45,123] 
Recently, Hou et al. reported a liquid-based method for the 
prevention of fouling and swelling of microchannels.[30] As 
shown in Figure 8C, no fouling and swelling of microchannel 
were observed after injection of Rhodamine B or octane in the 
liquid-based porous microchannel, while conventional PDMS 
microchannel is contaminated by Rhodamine B and swelled 
by octane. In this liquid-based microchannel design, the mole-
cular level smooth liquid layer could prevent the direct contact 
between the transport liquid and microchannel surfaces, which 
provides a novel idea for the preparation of microchannels with 
antifouling and antiswelling properties.
Circulating tumor cells (CTCs) analysis provides rich informa-
tion for cancer diagnosis, individualized cancer therapy, but it 
is hard to isolate them from the blood due to the extraordinary 
rarity (several among 109 blood cells). Microfluidics provides 
simple and cost-effective strategies for the capturing and release 
of CTCs through exquisite designs of the microchannel sur-
faces.[124–130] Duraiswamy and co-workers reported high-efficient 
capture of CTCs in a microfluidic chip, which was prepared by 
bonding a PDMS chip with serpentine chaotic mixing channel 
on a patterned silicon nanopillars with epithelial cell adhesion 
molecule antibody coating.[131] Hirtz and co-workers reported a 
CTC-capture strategy with high-throughput and high intrinsic 
specific properties by designing herringbone structures on the 
microchannel top surface and streptavidin microarrays on the 
bottom surface.[132] Oakey and co-workers reported capture and 
release of the CTCs in a microfluidic chip by introducing an 
immunofunctionalized photodegradable poly(ethylene glycol) 
hydrogel surface into a microchannel.[133] More recently, Yang 
and co-workers reported high-efficient capture and release of 
CTCs in microfluidic channels with a multivalent aptamer-func-
tionalized nanointerface.[134] Figure 8Di shows schematic illustra-
tion of the chemical modification and nanointerface engineering 
process for the preparation of multivalent modified AP-Octopus-
chip. As shown in Figure 8Dii, the capturing efficiency of multi-
valent AP-Octopus-chip was significantly improved compared to 
streptavidin-modified chip (SA-chip) and monovalent aptamer-
modified chip (AP-chip). In addition, the captured CTCs can be 
released with efficiency of 80% by a thiol exchange reaction.
4. Summary and Outlook
Due to the high surface-area-to-volume ratio feature of micro-
channels, the interface forces between the channel surfaces 
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Figure 8. A) Schematic of electrokinetic effect in the microchannels (i), and the streaming potential of the original microchannel and PEI-modified micro-
channel (ii). Reproduced with permission.[14] Copyright 2016, Elsevier. B) Reversible actuation of liquid metal in microchannels with NeverWet coating. Repro-
duced with permission.[119] Copyright 2018, American Chemical Society. C) Antifouling and antiswelling properties of the liquid-infused porous microchannels. 
Reproduced with permission.[30] Copyright 2018, Springer Nature. D) Schematic of the chemical modification and nanointerface engineering process for 
the preparation of multivalent modified AP-Octopus-chip (i), and comparison of capture efficiency of the circulating tumor cells of the AP-Octopus-chip, 
streptavidin-modified chip (SA-chip) and monovalent aptamer-modified chip (AP-chip) (ii). Reproduced with permission.[134] Copyright 2019, Wiley-VCH.
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and the transport liquids play dominant roles in fluid flow 
behaviors, which can be regulated by solid surface designs or 
liquid surface designs of the microchannel surfaces. Solid sur-
face designing strategies include chemical modification of the 
microchannel surfaces and construction of micro-/nanostruc-
tures on the inner surface walls. These methods usually induce 
the change of Laplace force for fluid transportation through 
altering in the fluid wettability on the channel surfaces or 
changing the microchannel dimensions. In recent years, liquid-
based surface design approaches are developed to control fluid 
behaviors through interfacial force between the transport fluid 
and functional fluid. In addition, liquid-based methods bring 
about other amazing features to microchannels, including 
dynamic and ultraslip liquid–liquid interfaces, antifouling and 
antiswelling property. The functional microchannels based 
on the inner surface design methods have broad applications 
in fluid control, such as pumping, valving, mixing, and sepa-
ration, etc. Through the interaction between channel surfaces 
and fluid components, the interface design-based microchan-
nels also show great potential in biomedical, and energy-related 
applications.
The difficulties in formation of complex chemical and 
physical structures in the surfaces of microchannels may limit 
the utilizations of surface designs in microfluidic devices, 
which can be overcome by the following two ways. With the 
rapid development of material science, and advanced micro-/
nanofabrication and printing technologies, such as laser pro-
cessing, 3D printing, etc., the chemical and physical structures 
will be integrated in the generalized microfluidic devices in 
simple and effective manners. The experts in different fields 
of microfluidics require more communications and collabora-
tions to address the problems those exist in the microfluidic 
applications through the view of surface designs, and explore 
the potential applications based on the various surface designs 
of microchannels. For example, the microscale flow behavior 
could be controlled by the surface designs of microchannels 
and pressure of the fluids. If we think about this process in 
reverse way, we may fabricate microfluidic pressure sensors 
based on surface designs of channels and measure the pres-
sures of fluids according to the flow behaviors of fluids. At pre-
sent, most of the developed functional microchannels have an 
individual microscale fluid control ability and act as one control 
unit in real microfluidic chips. In practical microfluidic devices, 
the fluid behaviors may need accurate control in different 
positions to realize distinct functions in microfluidic devices. 
Hence, organic integration of these individual flow control 
units on a single chip is essential for realizing real functions 
of lab-on-a-chip. Most of the surface design-based microfluidic 
control are passive, which may limit their applications in micro-
fluidics when needs extremely precise fluid control. Therefore, 
stimuli-responsive inner surface designs in microchannels are 
expected for advanced smart and responsive microscale flow 
regulation.
Liquid-based surface designs are a novel proposed concept 
for microscale flow control, which possess great potential in 
microfluidics because of the dynamic, ultraslippery, and recon-
figurable features of functional liquid layer. Interface pheno-
mena, such as diffusion, in the functional liquid–transport 
liquid interfaces, require detailed investigations for exploring 
the potential application of liquid–liquid interfaces in micro-
fluidics. In liquid-infused microchannels built in porous 
matrixes, the porous matrix not only increases the stability 
of functional liquid layer, but also provides novel possibilities 
for control microscale flow behavior through transmembrane 
manners. Through the rational and smart design of liquid–
liquid interfaces and solid–liquid (microchannel-functional 
liquid) interfaces, the liquid based microfluidic systems offer 
great opportunities for microfluidic applications, such as smart 
microflow control, chemical synthesis, drug delivery, and 
energy conversion, etc.
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